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Urbach’s energy125 lm Thick PADC polymer samples were irradiated by 50 MeV Li3+ ions and 250 lm thick PADC poly-
mer samples were irradiated by 70 MeV C5+ ions. The optical absorption edge shifted towards the visible
region of the spectrum with the increase of ion ﬂuence signifying the decrease in the band gap energy in
both cases. There was larger decrease in the band gap energy value in carbon ions irradiated samples as
compared to lithium ions irradiated samples. Increase in number of carbon hexagon rings per cluster was
veriﬁed by modiﬁed Robertson equation. The Urbach’s energy calculations showed the thermal ﬂuctua-
tions in the band gap energy values. The FTIR spectrum showed the reduction in absorbance (higher per-
centage transmittance) of typical bands at higher ﬂuences in case of lithium ion irradiation. The carbon
ion irradiation showed little modiﬁcation in chemical studies.
 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
Polyallyl diglycol carbonate (PADC, trade name CR-39) is a
homopolymer and high grade optical plastic. It has industrial and
scientiﬁc applications including track recording properties in neu-
tron dosimetry, gamma and cosmic ray detection, heavy ion and
nuclear physics [1]. It is colourless, completely transparent to vis-
ible light and almost completely opaque in infrared and ultraviolet
regions of the spectrum [2]. Its repeating unit is allyl diglycol car-
bonate monomer. The monomer contains two functional groups of
[CH2@CH–CH2–] [3]. Being highly radiation sensitive the chemical,
electrical, structural and optical properties of this polymer can be
modiﬁed in a tuneable way by ion beam irradiation and implanta-
tion. Irradiation of ions and radiations of different types and ener-
gies have different impacts of modiﬁcations on polymers. Swift
heavy ions’ (SHI) irradiation is an important tool among the other
beams (electron, proton, neutron and gamma) to modify above
mentioned properties of polymers. Main effects caused by the
SHI on polymers are chain scission, cross linking and degradation
etc. The magnitude of these effects depends upon the structure
of polymers and incident ion parameters such as mass, charge, ﬂu-
ence and energy [4]. The early work on PADC polymer is basedupon ion irradiation only. A few literatures on PADC have been re-
ported below.
The effect of oxygen ions on the structural, optical and surface
properties of PADC polymer ﬁlms had been reported by Ramola
et al. [5]. They observed a very large change in the band gap energy
from 4.8 to 3.4 eV. In addition to it the polymer crystallinity was
found to increase at lower ﬂuences. The data of comparative study
of lithium and oxygen ion irradiations on the optical and chemical
properties of PADC polymer were reported by Singh and Prasher
[6]. They observed the shift of the absorption edge towards the vis-
ible region of the spectrum. The band gap energy was found to de-
crease up to 22% in irradiated samples. A drastic fall (50%) in the
band gap energy of Cu9+ ion irradiated samples of CR-39 had been
reported by Singh et al. [7]. Similar results had been reported by
Zaki et al. [2] in gamma irradiation, Nouh et al. [8] and Kalsi
et al. [9] in neutron irradiation on CR-39. The results of the shift
of absorption peak are reported by Lounis-Mokrani et al. [10] in
their study on CR-39 by irradiation with 22.5 MeV proton beam.
In addition to it, they had observed the evolution of C@O, C@C
and O–H bands in the IR spectroscopy test. Their UV results con-
ﬁrmed the creation of the OH group with C@O and C@C conjugated
electronic system and showed a decrease of 14.6% in the band gap
energy from 3.41 eV for the virgin CR-39 to 2.91 eV at the dose of
976 kGy. The evolution of CO2 gas had been reported by Yamauchi
et al. [11] in their study on CR-39 after irradiation with gamma
rays, protons and carbon ions. The evolution of CO2 gas had also
been reported by Saad et al. [12] in the alpha particles, proton,
gamma rays and heavy ions irradiated CR-39 polymers. Malek
et al. [13,14] had reported the CO2 diffusion in 500 lm thick
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energy ions such as 320 keV Ar and 130 keV He ions on the optical
properties of CR-39 had been reported by El-Badry et al. [1]. The
modiﬁcations in structural and optical properties induced by Li+3,
Ni+9 and Au+9 ion beams to CR-39 polymers had been reported
by Negi et al. [15]. The effect of gamma and laser irradiation on
the colour changes of CR-39 had been reported by Nouh et al.
[16]. Their results indicated the cleavage of the carbonate linkage
that could be attributed to the H abstraction from the backbone
of the polymer associated with the formation of CO2 and OH with
varying intensities. A very limited literature is available on the
study of optical and chemical properties of PADC by ion implanta-
tion [17,18]. Sharma et al. [17] had reported the implantation of
100 keV nitrogen ions on the optical and structural properties of
CR-39 polymer. They had reported the reduction in the band gap
energy from 3.5 eV in virgin sample to 0.80 eV. Kumar et al. [18]
had reported the optical, structural and photoluminescence prop-
erties of 55 MeV implanted carbon ions in PADC.
The polymeric properties can be modiﬁed by ion beam treat-
ment to make it functional for scientiﬁc and industrial require-
ments. This requires the knowledge of energy loss processes in
polymers (elastic and inelastic mechanisms of ion stopping), linear
energy transfer (LET) mechanisms and associated ﬂuctuations with
these parameters. Various studies on the comparison of stopping
power of polymers of various ions by different codes and models
had been reported earlier [19–21]. The theoretical calculations
and experimental investigations as well as detailed analysis and
comparison of both the aspects may give precise results.
The present study is based upon the study of optical and chem-
ical properties of PADC polymer samples of two different thick-
nesses modiﬁed by two ions. The effect of carbon ion (C5+)
irradiation is studied on thick samples (thickness 250 lm) and lith-
ium ion irradiation on thin samples (thickness 125 lm).2. Experimental methods
2.1. Materials and irradiation
125 lm and 250 lm Thick PADC polymer samples of size
2 cm  2 cm were commercially procured from Bayer A. G. Ger-
many. The PADC polymeric ﬁlms are highly transparent and hard
having density  1.32 g/cm3. The 125 lm polymeric ﬁlms were
irradiated by 50 MeV Li3+ ions and 250 lm ﬁlms were irradiated
by 70 MeV C5+ ions in material science beam line of 15 UD pelle-
tron accelerator at Inter University Accelerator Centre (IUAC),
New Delhi, India. The ﬂuences were taken 1  1011, 1  1012,
1  1013, 1  1014 ions/cm2 for Li3+ ions and 5  1010, 1  1011,
1  1012, 5  1012, 1  1013 ions/cm2 for C5+ ions. The current
was taken to be 1 pnA in order to suppress thermal decompositions
in both cases of irradiations. High vacuum of 4  106 Torr was
maintained in the target chamber during the bombardment in or-
der to avoid collision with air molecules. The beam was scanned in
X–Y plane in order to irradiate the sample uniformly throughout
the whole target area. The whole irradiation experiment was per-
formed at room temperature.Table 1
SRIM calculated Se, Sn values and projected range of Li and C ion beams for PADC
polymer.
Lithium Carbon
Energy (MeV) 50 70
Se (eV/Å) 6.98 32.6
Sn (eV/Å) 3.92  103 1.78  102
Projected range (lm) 407.18 134.332.2. Characterization techniques
The optical properties were studied using Hitachi U-3300 spec-
trophotometer in the range 200–600 nm in absorbance mode.
Chemical modiﬁcations were characterized by Fourier transform
infrared spectrometer using Thermo Nicolet Nexus 670 FTIR in
the range 400–4000 cm1 in transmission mode.2.3. SRIM (stopping and range of ions in materials) calculations
SRIM calculations were carried out to ﬁnd Se (electronic energy
loss) and Sn (nuclear energy loss) in PADC polymer for lithium and
carbon ions using SRIM code [22]. The calculated values of Se, Sn
and projected range are tabulated in Table 1. The energy of lithium
ions is very large and electronic energy loss is dominant at such a
large energy so the energy transferred from the ion beam to the
target material was mostly due to electronic processes and the nu-
clear energy loss was almost negligible. Although, the irradiation
resulted in ion implantation in case of carbon ion, the implanted
ion may be trapped at certain preferred sites in the specimen
and can form precipitates by self-clustering or by reacting with
decomposing host elements or assist in cross linking by forming
chemical bonds with the polymer chains [23]; but our main aim
was to investigate the effect of heavy ion irradiation on optical
and chemical properties of PADC polymer [18].
3. Results and discussion
3.1. UV–visible studies
The optical absorption spectra of PADC polymer irradiated by
Li3+ and C5+ ion beams corresponding to pristine as well as irradi-
ated samples are shown in Figs. 1 and 2 respectively. The optical
absorption edge shifts towards the visible region of the spectrum
with the increase of ﬂuence signifying the decrease in the band
gap energy in both cases. The electronic energy loss processes
(due to ion–solid interactions) cause many effects simultaneously
such as scissoring of polymeric chains, cross-linking [24], forma-
tion of conjugated system of bonds [17,18], defect creation [25],
carbon-enriched cluster formation [26] and free radical formation
[27,28]. As a consequence of these effects the optical density in-
creases progressively and peak gets broadened with an increase
of ion ﬂuence [17,18]. To fundamental point of view, the broaden-
ing occurs by superposition of rotational and vibrational levels on
the top of electronic levels by ion irradiation/implantation [29]. A
shoulder peak arises at 272 nm at ﬂuences of 1011 and 1012 ions/
cm2 and 334 nm at a ﬂuence of 1014 ions/cm2 as shown in Fig. 1
(peak b, c & e) in case of irradiation by Li ion. It may be due to
the defects created by the incoming ions in the polymeric material.
On the other hand no such peaks are seen in optical spectra of car-
bon ion irradiation (Fig. 2).
Fig. 2 shows that absorption spectra of pristine and irradiated
sample at a ﬂuence of 5  1010 ions/cm2 are almost identical since
the ﬂuence value is not very large, but absorption increases signif-
icantly after the ﬂuence is increased. The optical band gap energy
was calculated from the absorption spectra by extra plotting the
linear portion of the graph between (ahm)1/2 and (hm) to the energy
axis using Tauc’s relation [30] as shown in Figs. 3 and 4. The calcu-
lated values are tabulated in Tables 2 and 3 for Li3+ and C5+ respec-
tively. The Tauc’s expression is given by following equation
ðahmÞ ¼ Bðhm EgÞn ð1Þ
Fig. 1. UV–vis spectra of pristine and Li3+ ion irradiated PADC polymer.
Fig. 2. UV–vis spectra of pristine and C5+ ion irradiated PADC polymer.
Fig. 3. The dependence of (ahm)1/2 on photon energy (hm) for pristine and Li3+
irradiated PADC polymer.
Fig. 4. The dependence of (ahm)1/2 on photon energy (hm) for pristine and C5+
irradiated PADC polymer.
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from the absorbance (A) after correction for reﬂection losses using
the following equation.
aðmÞ ¼ 2:303A=l ð2Þ
Here l is the sample thickness in centimetre. Eg is average band
gap energy of the material. B is band tailing parameter [31].
Since our polymer is an amorphous material in nature, so the
indirect band gap energy was calculated by putting n = 2 in Eq.
(1) as per the explanation reported by Buchholz et al. [32]. It is
clear from the calculated values that the band gap energy de-
creases for both cases of irradiations. There is a 24% decrease in
the band gap energy value from the pristine value in case of irradi-
ation by C5+ ion and a 19% decrease from pristine value in case of
irradiation by Li3+ ion at ﬂuence of 1  1013 ions/cm2. The decrease
in band gap energy is attributed to the formation conjugated sys-
tem of bonds due to high electronic LET (linear energy transfer)
of ions in polymer. The larger shift in case of irradiation by C5+
ion may be due to implantation of ions as well as due to larger Se
(32.6 eV/Å) value and low projected range (134.33 lm) of C5+ ascompared to low Se (6.98 eV/Å) value and higher projected range
(407.18 lm) of Li3+ ion. Such a large amount of energy loss (about
5 times larger than Li3+) occurs within small projected range (about
three times shorter than Li3+) in case of C5+ ion as compared to Li3+
ion hence it results in the large modiﬁcation in the band gap en-
ergy for carbon ion irradiation. The colourless and transparent sur-
face of irradiated samples at higher ﬂuences (1  1012 and
1  1013 ions/cm2) changed to yellowish in case of C5+ ion while
no such effect was seen in Li3+ ion irradiation even at a ﬂuence
of 1014 ions/cm2. Similar observations had been reported in the lit-
erature [17]. The different reasons for colour changes in other poly-
mers have been reported in the literature such as structural
changes [33], degassing of volatile species and formation of clus-
ters [34].
Ramola et al. [5] had reported that a decrease in band gap en-
ergy of the polymer after SHI irradiation gives rise to an increase
in dc conductivity of polymers. However they had not presented
any experimental result for this. Nathawat et al. [33] had corre-
lated the enhancement of conductivity to the increased charge
density as well as mobility of their nickel and nitrogen ions im-
planted polyethylene terephthalate. Fink et al. [35] had mentioned
Table 2
Calculated values of indirect band gap energy and other parameters for PADC polymer by irradiation of L3+ ion.
Ion Fluence (ions/cm2) Indirect band gap energy (eV) No. of carbon hexagon rings per cluster (N) Urbach’s energy (eV)
Li3+ Pristine 3.98 ± 0.08 74 0.48 ± 0.02
1  1011 3.80 ± 0.07 81 0.34 ± 0.02
1  1012 3.54 ± 0.07 94 0.38 ± 0.02
1  1013 3.22 ± 0.06 113 0.41 ± 0.02
1  1014 2.82 ± 0.05 148 0.38 ± 0.02
Table 3
Calculated values of indirect band gap energy and other parameters for PADC polymer by irradiation of C5+ ion.
Ion Fluence (ions/cm2) Indirect band gap energy (eV) Number of carbon hexagon rings per cluster (N) Urbach’s energy (eV)
C5+ Pristine 3.98 ± 0.08 74 0.55 ± 0.02
5  1010 3.97 ± 0.08 74 0.50 ± 0.02
1  1011 3.84 ± 0.07 79 0.58 ± 0.02
1  1012 3.75 ± 0.07 83 0.56 ± 0.02
5  1012 3.25 ± 0.06 111 0.42 ± 0.02
1  1013 3.03 ± 0.06 128 0.44 ± 0.02
Fig. 5. The dependence of natural logarithm of (a) on photon energy for pristine
and Li3+ irradiated PADC polymer.
Fig. 6. The dependence of natural logarithm of (a) on photon energy for pristine
and C5+ irradiated PADC polymer.
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transfer by ion–solid interaction could be the carriers of electric
conductivity in irradiated polymer samples. The large energy den-
sity transferred per track by the high energetic swift heavy ions in
the grain structures of polymeric chains could be one of the rea-
sons for the formation of these clusters. With an increase in ion ﬂu-
ence, the conducting bridges are formed between the grains as a
result of ion beammixing. The clusters enable electron hopping be-
tween the grains and become conducting [35,36]. The size of these
clusters increases as the number of carbon hexagon rings per clus-
ter increases and the increase in cluster size gives a reason for the
enhancement of conductivity. The number of carbon hexagon rings
per cluster (N) can be calculated by Robertson relation [37] as
shown in the following equation.
N ¼ ð2pb=EgÞ2 ð3Þ
Here 2b is the band structure energy of a pair of adjacent p sites
and value of b is 2.9 eV for a six membered carbon ring. But this
equation was further modiﬁed by Fink et al. [38] considering the
structure of the clusters to be like a buckminsterfullerence, that
it is a C60 ring instead of C6 as assumed by Robertson. The modiﬁed
equation [26] is given by the following equation.
Eg  ð34:3=N1=2Þ ð4Þ
Here N is the number of carbon hexagon rings per cluster. Using
the Eq. (4) we have calculated the values of N for the case of Li3+
and C5+ ion irradiations as shown in Tables 2 and 3 respectively.
The value of N increases with an increase of ion ﬂuence in both
cases indicating an increase in the number of carbon hexagon rings
per cluster. The Li3+ ion is lighter than C5+ ion, so large sized clus-
ters emerge in case of lighter ions due to ion-track overlapping and
small sized clusters emerge within single-ion tracks of energetic
heavy ions. Hence for this reason the calculated values of N in
Li3+ ion irradiated samples are larger than those of C5+ ion irradi-
ated samples at respective ﬂuences with exception of 1013 ions/
cm2 [35].
The thermal ﬂuctuations in the band gap energy were estimated
by calculating Urbach’s energy (Eu) [39]. The value of Eu was calcu-
lated by using Urbach’s formula [40] as shown in the following
equation
aðmÞ ¼ a0 expðhm=EuÞ ð5Þ
The reciprocal of the slopes of the linear portion in the lower
photon energy region of the plot of ln (a) as a function of photon
energy (hm) gives the value of Eu [41]. Figs. 5 and 6 show the plot
Fig. 7. FTIR spectra of pristine and Li3+ ion irradiated PADC polymer.
Fig. 8. FTIR spectra of pristine and C5+ ion irradiated PADC polymer.
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diations respectively. One of the values has also been calculated in
the lower portions of both the diagrams. The other values are cal-
culated in the similar way. The calculated values are tabulated in
Tables 2 and 3 for Li3+ and C5+ ion irradiations respectively. The
values are decreasing with an increase of ion ﬂuence with some
ﬂuctuations at 1  1011 and 1  1012 ions/cm2. The main reason
for the origin of Eu is shift of the band gap energy which is due
to temperature-dependent self energies of the electrons and holes
interacting with the phonons [42].
3.2. Fourier transform infrared (FTIR) spectroscopy studies
The modiﬁcations in vibrational levels of the irradiated polymer
samples can be seen in Fourier transform infrared (FTIR) spectra.FTIR spectra of pristine and irradiated polymer samples were car-
ried out in mid-infrared spectrum region (400–4000 cm1) and
are shown in Figs. 7 and 8 respectively. The relative modiﬁcations
in the intensities of the respective bonds can be estimated from the
relative functional groups present in the PADC polymer. The over-
all analysis of IR spectra of Li ion irradiated samples reveal that
there is a decrease in absorbance (higher percentage transmit-
tance) by prominent bands for irradiated samples as compared to
pristine one. But the extent of absorption for the ﬂuences of 1011
and 1012 ions/cm2 is greater as compared to higher ﬂuences (1013
and 1014 ions/cm2). Similar is the case of carbon beam irradiation,
but there is very little modiﬁcation in irradiated samples as com-
pared to Li ion irradiation for the corresponding bands. This in-
crease or decrease in absorbance is attributed to the formation of
free radicals, cross-linking and degradation of polymeric chains
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observations are obtained.
A band at position 1581 cm1 is observed to have a minor in-
crease in the absorbance for Li3+ ion irradiated samples (Fig. 7). It
is attributed to C@C vibrational band. Similar observations are ob-
served by Phukan et al. [47] and they have correlated this incre-
ment with an increase in the number of conjugated polymeric
chains which further resulted in an increase of free electrons. On
the other hand no such change could be observed in case of carbon
ion irradiated polymer samples as shown in Fig. 8.
There is an increase in absorbance (lower percentage transmit-
tance) of the peaks at positions 1958 cm1 and 2364 cm1. The
intensity of the peak at position 2217 cm1 shows a decrease in
absorbance for Li3+ ion irradiated samples. This band corresponds
to C„C stretching vibrations. Phukan et al. [47] have reported this
vibration to be associated with the evolution of carbon monoxide
and could be due to the decomposition of carbonate group into
CO2 and CO after irradiation. In Fig. 7, a peak at 2513 cm1 shows
an increase in percentage transmittance except at ﬂuences of 1013
and 1014 ions/cm2 for Li ion irradiated samples. This peak corre-
sponds to an O–H band superimposed on a sharp C–H stretching
band [48]. It shows a large absorbance at a ﬂuence of 1014 ions/
cm2. This modiﬁcation at the corresponding band position in car-
bon ion irradiation is very little.
The absorbance in the characteristic bands at position
2364 cm1 is increasing with an increase in ion ﬂuence as shown
in Fig. 7 and a new peak is observed at 2336 cm1. It may be attrib-
uted due to the formation of CO2 during irradiation [7], however
few other experiments such as residual gas analysis (RGA) could
be not carried out to verify the evolution of CO2. Singh and Prasher
[3] have also observed an increase in the absorbance of carbonyls,
methyl and methylene groups which indicate the cleavage of the
carbonate linkage associated with an increase in the bands corre-
sponding to CO2 and CO gases. Yamauchi et al. [11] have reported
the formation of CO2 and O–H groups after gamma ray exposure
and ion irradiation in CR-39 polymer.
In Fig. 7, a band at position 2756 cm1 shows an increase in the
absorbance at ﬂuences 1011, 1012 and 1013 ions/cm2 and it disap-
peared completely at a ﬂuence of 1014 ions/cm2. This band is
attributed to saturated symmetric stretching vibrations of C–H
bond [47].
A band corresponding to saturated symmetric @C–H stretching
vibration in the range 3080–3090 cm1 [47] disappeared for Li3+
ion irradiated samples (Fig. 7). However, there is an increase in
absorbance in this band in case of C5+ irradiation (Fig. 8).4. Conclusions
125 lm Thick PADC polymer samples of thicknesses 125 lm
and 250 lm were irradiated by 50 MeV Li3+ and 70 MeV C5+ ions
respectively. The band gap energy decreased in both the cases. It
could be attributed to the formation of conjugated system of
bonds. The carbon ion irradiation showed a 24% decrease in band
gap energy as compared to 19% decrease in case of Li ion irradia-
tion. Increase in number of carbon hexagon rings per cluster was
observed for irradiated samples for the case of both ion irradia-
tions. The thermal ﬂuctuations in the band gap energy were ob-
served from the calculated values of Urbach’s energy (Eu). The
FTIR analyses showed a decrease in absorbance for irradiated sam-
ples in various chemical bonds in Li ion irradiation. However, C5+
beam shows a very little chemical modiﬁcation as compared to
Li ion irradiation. The optical properties can be tuned by ion irradi-
ation. The more precise theories, simulations and calculations are
required for the study of ion–solid interactions in addition to the
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